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Acute myocardial ischemia is known to cause impair-
ment of both left ventricular systolic and diastolic func-
tion. To further investigate these changes as well as their
relation to common clinical variables (electrocardio-
graphic [ECG] changes and chest pain), 32 patients were
evaluated with Doppler echocardiography during coro-
nary angioplasty. Doppler indexes of left ventricular di-
astolic function included the ratios of peak early to late
and peak early to mean diastolic velocities as well as the
ratios of early to late and first third to total velocity
integral (one-third filling fraction). All diastolic indexes
showed significant impairment by 15 seconds after coro-
nary occlusion (ratio peak early to late filling velocity:
1.11 versus 0.96, p < 0.01; ratio peak early to mean
filling velocity: 1.9 versus 1.7, P < 0.01; ratio early to
late velocity integral: 1.58 versus 1.25, p < o.oi; one-
third filling fraction: 41.2 versus 37.7, P < 0.01).
Left ventricular systolic function was evaluated dur-
ing coronary occlusion both qualitatively, as assessed by
the appearance of a new wall motion abnormality on
two-dimensional echocardiography (mean 28.8 seconds),
and quantitatively by measurement of systolic percent
area change on the two-dimensional short-axis view as
well as the Doppler echocardiographic stroke integral
Acute and chronic myocardial ischemia cause impairment
of both left ventricular systolic and diastolic function (1-7).
Recent studies (8-12) have demonstrated improvement in
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index. Systolic indexes did not show significant change
until 30 seconds after balloon inflation (percent area
change: 42.8 versus 29.2, p < 0.01; stroke integral index:
11.04 versus 9.36, p < 0.01).
ECGs were performed at 15 second intervals. New
ST segment elevation of 1 mm occurred in 26 of the 32
patients studied, whereas only half of the study patients
developed typical anginal chest pain during coronary
artery occlusion. In general, the ECG changes preceded
the development of chest pain as well as left ventricular
systolic dysfunction except in patients with significant
collateral circulation. Diastolic left ventricular dysfunc-
tion was the earliest change seen after coronary occlusion
regardless of the presence of collateral circulation. Sys-
tolic and diastolic abnormalities were noted to return to
baseline by 15 seconds after balloon deflation.
This study confirms that the response to acute tran-
sient myocardial ischemia involves both systolic and di-
astolic dysfunction. In addition, these data suggest that
the ischemic response is heralded by left ventricular di-
astolic impairment followed by ECG changes, systolic
impairment and angina, respectively.
(1 Am Coil CardioI1987;10:748-55)
left ventricular systolic and diastolic function after surgical
and percutaneous balloon myocardial revascularization;
however, few data exist describing the temporal sequence
of these events during brief and acute periods of transient
ischemia induced by coronary artery occlusion. It has been
suggested (13,14) that abnormalities in left ventricular di-
astolic function may precede systolic dysfunction and there-
fore serve as a more sensitive marker of ischemia. The
emergence of Doppler echocardiography as a reliable method
of evaluating left ventricular filling dynamics provides a
simple noninvasive means of monitoring left ventricular
diastolic function (15-19), whereas two-dimensional echo-
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Methods
cardiography can likewise be used to assess systolic function
during episodes of transient myocardial ischemia (20-24).
Several recent studies (25-28) have utilized echocardi-
ography to monitor regional wall motion during coronary
angioplasty; however, none of these studies have system-
atically examined the changes in left ventricular diastolic
function during coronary artery balloon occlusion. and their
relation to standard clinical markers of ischemia. We there-
fore undertook this study to describe the temporal sequence
of clinical (electrocardiographic [ECG] changes and chest
pain) and mechanical events (diastolic and systolic left ven-
tricular function) occurring during the transient myocardial
ischemia associated with intermittent brief periods of coro-
nary artery occlusion during percutaneous transluminal
coronary angioplasty.
Study patients. The study group consisted of 32 patients
undergoing coronary angioplasty for clinical indications.
Seventeen patients had lesions dilated in the left anterior
descending coronary artery, 13 in the right coronary artery
and 2 in the left circumflex artery. There were 22 men and
10 women with a mean age of 55 years (range 36 to 70).
Twenty-one had single vessel and II had multivessel coro-
nary artery disease. Three patients had ECG evidence of a
prior inferior myocardial infarction, of which two had in-
ferior hypokinesia on the baseline two-dimensional echo-
cardiogram. Additional angiographic, hemodynamic and
echocardiographic variables are summarized in Table I.
Coronary angioplasty. Angioplasty was performed in
a routine fashion as previously reported (29) using appro-
priately sized balloon catheters ranging in diameter from
2.0 to 3.5 mm. After positioning of the balloon catheter,
an initial therapeutic inflation was performed with ECG
monitoring only. A minimum of 3 minutes for reperfusion
was allowed before subsequent balloon inflations with Dop-
pier echocardiographic monitoring. ECG changes were ob-
served to return to baseline before subsequent balloon in-
flations. Each balloon inflation was maintained for a period
of 30 to 90 seconds at pressures of 5 to 10 atm. The mean
pressure gradient across the coronary stenosis was assessed
before and after the angioplasty procedure in most patients.
Doppler and two-dimensional echocardiography was per-
formed during the second and third balloon inflations in a
random fashion. Time of onset of typical anginal chest pain
was recorded.
Echocardiographic studies. M-mode and two-dimen-
sional echocardiography was performed utilizing a com-
mercially available phased array echocardiographic-Doppler
system (Hewlett Packard Series 60 or lrex Meridian). After
a baseline M-mode and two-dimensional imaging study in
the parasternal long-axis. short-axis and apical views were
obtained, the chest was marked before the angiographic
procedure to identify the optimal windows for transducer
placement. Two-dimensional short-axis images were ob-
tained from the left parasternal region continuously for 30
seconds before, throughout and for 30 to 60 seconds after
balloon deflation. Images were obtained at the low papillary
muscle level for procedures involving the left coronary ar-
tery and at the tips of the mitral valve leaflets for procedures
involving the right coronary artery. Timing of balloon in-
flation and deflation was recorded directly on videotape.
Echocardiographic analysis. Baseline studies were
evaluated for chamber dimensions and shortening fraction
according to the American Society of Echocardiography
recommendations. Regional wall motion was analyzed by
two experienced observers on a videotape system with a
real-time, slow-motion and frame by frame forward and
reverse capabilities. New wall motion abnormalities were
defined as new and severe regional left ventricular hypo-
kinesia, akinesia or dyskinesia as compared with the base-
line study. Frame markers were utilized to calculate the time
elapsed from balloon inflation to onset of segmental dys-
function. In a similar fashion, time to recovery of wall
motion abnormalities after halloon deflation was recorded.
Quantitative analysis of global lett ventricular systolic
function during vessel occlusion was accomplished by cal-
culation of fractional area change by use of an off-line
echocardiographic-computer system (Franklin Quantic 1200).
After identifying end-diastolic and end-systolic frames, the
computer utilizes an automatic edge detection algorithm for
locating the endocardial border (30). The percent area change
in the short-axis view was then calculated utilizing the for-
mula
Diastolic area - Systolic area
Diastolic area
Percent area change
80 ± II
22 ± 10
61.3 ± 15
16.2 :±: 11
13.4± 8
64.4 ± 12
27 ± 01
20 ±. 0.3
33.5 ± 6
Table l. Patient Characteristics (n = 32)
L VEDP (rnm Hg)
LVEF(%)
LV diameter (cm/nr')
LA size (cm/rn')
LVSF(%)
Gradient (rnm Hg)
Before PTCA
After PTCA
Stenosis (%)
Before PTCA
After PTCA
LA = left atrial; LV left ventricular; LVEDP = left ventricular
end-diastolic pressure; LVEF = left ventricular ejection fraction; LVSF
= left ventricular shortening fraction; PTCA = percutaneous transluminal
coronary angioplasty.
These calculations were performed at baseline, at 15 and
30 seconds during balloon occlusion and 15 seconds after
balloon deflation.
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Doppler studies. Pulsed Doppler echocardiography of
left ventricular inflow was performed from the cardiac apex
with the Doppler beam aligned parallel to transmitral flow.
The sample volume was placed at the level of the mitral
valve anulus and the transducer orientation adjusted for op-
timal spectral display (highest velocity with least spectral
dispersion). Continuous hard copy recordings at paper speeds
of 100 mm/s were obtained for 30 seconds before. contin-
uously throughout and for 30 seconds after balloon deflation
with identifying time markers recorded directly on the paper.
Doppler analysis. Doppler measurements were accom-
plished utilizing a computer-interfaced digitizingtablet (Ap-
ple II) with custom-developed software, as the average of
three to five consecutive beats. Analysis of left ventricular
filling included measurements of peak early, atrial and mean
diastolic flow velocities as well as the total velocity integral
and its components of early diastolic flow. atrial diastolic
flow and one-third filling fraction (Fig. I). To assesschanges
in relative contributions of early and late diastolic velocities
several ratios, including early to late peak velocities (EJA).
peak early to mean velocity (ElM) and early to late velocity
integral (E;lAj ) . were calculated. Decreases in these ratios
have been shown to reflect increasing impairment in left
ventricular diastolic function (16-1 9).
As an additional index of global left ventricular systolic
f unction. the stroke integral index was calculated as the
product of the total flow velocity integral (sum of early and
late velocity integrals) and the heart rate. The flow velocity
integral has previously been shown to correlate strongly with
stroke volume (31-33). All measurements were performed
at baseline and at 15 second intervals during and after coro-
nary occlusion.
Electrocardiography. Twelve lead ECGs were obtained
using radiolucent precordial electrodes at baseline and at 15
second intervals during and after coronary occlusion and
were analyzed for the presence of ST segment elevation
compared with baseline. An ischemic response was defined
as ST segment elevation 2: I mm at 0.08 second after the J
point occurring in at least two leads.
Statistical analysis. Results are presented as mean ::t
I SO unless otherwise specified. Analysis of variance for
repeated measures was applied to assess significant changes
in Doppler and echocardiographic indexes throughout the
procedure. Scheffe's F test was used to evaluate the sig-
nificance between measurements during the procedure. Paired
and unpaired t tests were utilized when indicated. A prob-
ability (p) value of < 0.05 was considered significant.
Results
Systolic function . Qualitative analysis . New systolic
wall motion abnormalities appeared in the region supplied
by the occluded coronary artery (anterior or lateral during
left anterior descending artery occlusion. inferior or pos-
terior during right coronary occlusion and posterior or lateral
during circumflex occlusion) in 28 of the 32 patients studied.
In three patients there was no signifi cant change from base-
line wall motion and in one patient two-dimensional images
were technically inadequate for analysis. The three patients
without changes in systolic wall motion had collateral cir-
ECG
1~ . ond . ~!
E
A
• 100 m'"
.. '
II -
I
1-
%FF I
•,
t
nd of
mitral f
Ei
ons t
mitr I flow
Figure l. Illustration of Doppler transmural
flow velocity pattern with peak early diastolic
(E) and atrial (A) velocity measurements
shown. The area under theflow velocity curves
for early diastole (EI ) and atrial systole (Ai)
(left) as well as the first third filling fraction
('I,FF) (r ight) were determined as illustrated.
OFf = diastolic filling time: ECG = elec-
trocardiogram.
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Figure 2. Change in stroke integral indexand percent area change
after transient coronary occlusion. Data are expressed as the mean
± SEM (*p < 0.01 versus baseline).
elusion Crable 2). All four indexes showed significant im-
pairment in left ventricular diastolic function to occur within
15 seconds of coronary occlusion. The reversal of the typical
early to late diastolic velocity ratios was often dramatic (Fig.
3). There were 28 patients whose measurements of diastolic
filling were available for analysis at baseline and after 15
seconds of balloon occlusion. All but two of these patients
showed a decrease in the peak early to atrial diastolic filling
velocities ratio with coronary occlusion (Fig. 4) . The two
patients whose changes were not seen exhibited decreases
in the other Doppler variables. By 15 seconds after deflation.
diastolic indexes had returned to baseline values.
Clinical variables. Twelve lead ECGs were available
for analysis in 31 of the 32 patients studied. Significant ST
segment elevation was noted in all but six of the study group.
After balloon inflation ST segment changes occurred within
15 seconds in 15 patients. 16 to 30 seconds in <) patients
and from 31 to 45 seconds in I patient. Of the six patients
without significant ST elevation, four had collateral circu-
lation to the vessel being occluded.
Fifteen pat ients complained (~r chest pain after corona ry
artery occlusion . The onset of chest pain occurred by 15
seconds in one patient, by 30 seconds in nine patients,
between 30 and 45 seconds in three patients and by 60
seconds in two patients. In general, the ECG changes pre-
ceded the development of chest pain (Fig. 5). There was
no significant change in heart rate during coronary occlu-
sion.
Effects of collateral circulation. Angiographically ev-
ident collateral circulation to the vessel being dilated was
present on diagnostic coronary arteriography in l) of the 32
patients. The temporal sequence of global systolic and di-
astolic dysfunction during angioplasty was not affected by
the presence of collateral circulation. However. in one-third
of the patients with collateral circulation, no new segmental
wall motion abnormalities occurred during vessel occlusion.
as they did with the remaining patients (p :s 0.05). Five of
the nine patients with collateral circulation did not develop
ST segment changes, compared with only one of the patients
without collateral fl ow (p < 0.0 I ). Angina during vessel
occlusion occurred in 44~, of the patients with and 52£#, of
patients without collateral flow (p = NS).
30 Seconds A:ls1
.-. % Area Change
.... Stroke Integral Index
Baseline 15 Seconds
30"10 900
350J0 1000
450/0 1200
400/0 1100
culation to the stenotic right coronary artery being dilated.
The mean time from coronary occlusion to development of
a primary wall motion abnormality was 2lUl ± 12 seconds
(range 13 to 53). After balloon deflation. segmental wall
motion returned to baseline in a mean time of 20.7 ± l{
seconds (range 9 to 42).
Quantitative analysis . After balloon occlusion there was
a progressive deterioration of global left ventricular systolic
function as evidenced by a fall in the systolic percent area
change. This drop became significant at 30 seconds (42.l{
± 9 versus 29.2 ± II %. P < 0.01). Patients with left
anterior descending occlusion showed a trend toward more
extensive left ventricular systolic dysfunction than did those
with right coronary artery occlusion (37.l{ ± 21 versus 2 1.9
± 20%, P = NS). The fall in stroke integral index, as
determined by Doppler ultrasound. paralleled the drop in
systolic percent area change. achieving statistical signifi-
cance at 30 seconds after balloon inflation ( 11.04 ± 3 x
IO ·~ versus 9.36 ± 2 x 10 ~ . P < o.on (Fig. 2). By 15
seco nds after deflation. neither systolic percent area change
nor stroke integral index was significantly different from
the baseline value.
Diastolic function . Four indexes were derived to de-
scribe the pattern of ventricular filling during coronary oc-
Table 2. Diastolic Flow Variables (n 32l
Coro nary Occ lusion
Basel ine 15 Seconds 30 Secon ds Post
ElA I. II ± 0 .3 0 .96 + (u * 0 .91 ± 0 .2 * 1.1)9 ± 0 .3
ElM 1.90 ± 0.4 1.70 ,. OA* 1.66 ± OA* U I ± 0.4
E;/A; 1.58 ± 0 .7 1.25 '. O.n* 1. 17 ± 0 .6 * 1.54 ± lUI
,/, FF 41.2 ± 8 .'1 .7 :!: !I* 36 .!I ± 7* 40.0 ± 8
*p < lUl l versus basel ine . A = atrial diastolic veloc ity: A, = late dias tolic velocit y integral: E = ear ly
diastolic veloci ty: E, = early dias tolic veloci ty integ ral: M = mean diastolic veloci ty: '/ , FF = '/, tilling
fraction: Post = 15 seconds after ba lloon deflation. See text for discussion.
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Figure 3. Pulsed Doppler ultrasound recording of left
ventricular inflow velocities with accompanying
electrocardiographic lead V2 during left anterior de-
scending coronary artery occlusion (inflation). Note the
mar~ed reversal of early (E) and atrial (A) peak ve-
locities and ST segment elevation with coronary oc-
clusion.
)
Figure 5. Graphic demonstration of the cumulative number of
patients with I) onset ofanginal type chest pain, and2)STsegment
elevation 2: 1mm in two or more leads, as a function of time after
coronary occlusion.
creases until 30 seconds after coronary artery occlusion.
ECG ST segment elevation occurred before systolic dys-
function (similar to diastolic dysfunction) whereas angina
accompanied or followed the development of wall motion
abnormalities. Systolic and diastolic indexes showed rapid
recovery after balloon deflation and were not significantly
different from baseline by 15seconds after balloon deflation.
Comparison with previous studies. Systolic function.
As early as 1935, Tennant and Wiggers (34) recognized
that early systolic dysfunction occurs after coronary artery
Discussion
Temporal sequence of ventricular dysfunction. This
study confirms that the ischemic response to transient coro-
nary artery occlusion involves both systolic and diastolic
left ventricular dysfunction and that diastolic impairment
occurs early and precedes the development of new segmental
wall motion abnormalities (Fig. 6). After balloon inflation,
diastolic filling indexes revealed a significant reversal of
early to late filling patterns within 15 seconds of vessel
occlusion. However, two independent markers of global left
ventricular systolic function (percent area change, reflecting
left ventricular ejection fraction and stroke integral index,
a measure of cardiac output) did not exhibit significant de-
Figure 4. There was a significant decrease in the ratio of peak
early to peak atrial diastolic velocities (EtA) by 15 seconds after
coronary occlusion.
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Figure 6. Com parison of cumulative number of patients dem-
onstrating I) new systolic wall mot ion abnormalities, and 2) a 10%
decrease in peak early to peak atrial diastol ic (EJA) ratio velocities
at 15 seco nd inter vals after coron ary occl usion.
ligation. Pandian and coworkers (35.36) using two-dimen-
sional echocardiography, observed systolic wall thinning
within 30 seconds of coronary occlusion in the open chest
dog. Although these findings cannot bedirectly extrapolated
to the description of segmental wall motion abnormalities
during coronary angioplasty, the temporal relation is similar
to that of the present study. Likewise. the mean time of
approximately 30 seconds from balloon inflation until onset
of left ventricular regional dysfunction is similar to that
reported in previous echocardiographic studies (25-28) in
which both qualitative and semiquantitative assessment of
regional left ventricular function was performed utilizing
two-dimensional echocardiography. Visser et al. (26) ob-
served changes in systolic function to occur much earlier
(mean 8 seconds); however, in that study the first inflation
was used in the analysis. We have observed systolic left
ventricular dysfunction to occur with occlusion of the artery
by the guide wire or the unintlated balloon catheter alone.
before the first inflation, and have acquired our data after
the first dilation accordingly. It has been suggested that
intermittent episodes of ischemia may result in "stunned
myocardium" or prolonged periods of myocardial systolic
dysfunction (37,38). The rapid return to baseline of new
systolic wall motion abnormalities demonstrated here (usu-
ally within 30 seconds) indicate that the brief periods of
coronary occlusion occurring during coronary angioplasty
do not result in such a phenomenon. In addition. although
the patient subset is small, the presence of angiographically
apparent collateral circulation appeared to offer some pro-
tection during vessel occlusion.
II Now Wall r""'Ol lQn Abnoen a li ~'i
~ 10 Decrease In Elf\. RallO
Diastolic j unction. Several studies (9,11- 14) have sug-
gested that left ventricular diastolic dysfunction may be a
more sensitive marker of coronary ischemia than is systolic
dysfunction. Aroesty et al. ( 14) . reporting on a group of
patients with coronary artery disease and pacing-induced
ischemia, found that diastolic impairment. as assessed by
pressure-volume curves, most often precedes systolic left
ventricular dysfunction. Bonow et al. (11.12), utilizing
radionuclide angiography, reported improvement in left
ventricular diastolic filling after coronary angioplasty in pa-
tients with normal left ventricular systolic function. Differ-
ences in diastolic function after revascularization were ev-
ident at rest. whereas differences in systolic function were
only evident with exercise. Limited data exist evaluating
changes of left ventricular diastolic function during angio-
plasty-induced ischemia. Wijns et al. (39) demonstrated
significant impairment of left ventricular compliance, mea-
sured by the elastic constant of chamber stiffness, at 20
seconds after coronary occlusion in patients undergoing
coronary angioplasty. Doorey et al. (40) found the rate of
pressure decline during early diastole (tau) to be markedly
prolonged (indicating abnormal relaxation) during balloon
angioplasty with hemodynamic recovery evident by 20 sec-
onds after balloon deflation. similar to our series.
Clinical findings. Several previous studies have de-
scribed the ECG changes occurring during coronary angie-
plasty. In some studies, (25- 27) the presence of only limb
lead ECGs may have been responsible for the lower inci-
dence. and later occurrence, of significant ST segment el-
evation during coronary artery occlusion. In a study of 14
patients using a 12 lead system, Wohlgelernter et al. (28)
observed signifi cant ST changes in 64% of patients at 20
seconds and 79% of the patients at 40 seconds with 86%
overall having significant ST segment changes, whereas in
the present series these changes occurred in 46% of the
patients at 15 seconds, 75% at 30 seconds and 81 % overall.
The observation that approximately half of our patients ex-
perienced anginal type chest pain during coronary occlusion
is similar to previous reports (25,4 1).
Limitations of the study. A potential limitation of this
study is that Doppler echocardiography offers only an in-
direct measure of left ventricular diastolic function in re-
lation to left ventricular filling. Diastole is a complex series
of events including active relaxation. rapid filling, diastasis
and atrial systole. In the clinical setting, however, mea-
surement of each of these components is not practical or
feasible. In addition, experimental studies have shown that
these components of diastole and systolic left ventricular
function are often interrelated (that is. the patient with im-
paired relaxation will frequently have an abnormal pressure-
volume curve). The indexes used to assess global left ven-
tricular systolic function utilized in this study (percent area
change and stroke integral index) are indirect measures of
contractility and might not have been sensitive enough to
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demonstrate early changes. However, the results from both
echocardiography and Doppler ultrasound were parallel and
should provide comparable data with that of the method
used in assessing left ventricular filling. In addition, the
occurrence of the commonly employed variable of segmen-
tal wall motion abnormality as a marker of systolic dys-
function clearly followed the development of global left
ventricular diastolic dysfunction.
Clinical implications. The observation that impairment
of left ventricular diastolic filling occurs as an early response
to ischemia and may precede global and segmental left ven-
tricular systolic dysfunction has both clinical and research
implications. As these data suggest, appearance of abnormal
left ventricular diastolic function by Doppler echocardiog-
raphy is an early marker of ischemia. The widespread avail-
ability of Doppler echocardiography may provide a non-
invasive method to clinically monitor early dynamic changes
that accompany ischemia. In addition, investigation of the
optimal inflation time or adjuvant pharmacologic treatment
during percutaneous transluminal coronary angioplasty may
be evaluated by Doppler echocardiography and the methods
described in this report. Finally, our findings that diastolic
and systolic left ventricular dysfunction, associated with ST
segment displacement, often precede angina are consistent
with the concept of silent myocardial ischemia.
We are grateful for the expert technical assistance of the technicians and
nurses of the cardiac catheterization laboratory and Susan Buenger in the
preparation of this manuscript.
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